DEM simulation of soil-tool interaction under extraterrestrial
  environmental effects by Jiang, Mingjing et al.
  
 
 
 
 DEM simulation of soil-tool interaction under extraterrestrial environmental effects Mingjing Jiang a,b,c,⇑, Banglu Xi a,b,c, Marcos Arroyo d, Alfonso Rodriguez-Dono d 
a State Key Laboratory for Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China b Key Laboratory of Geotechnical and Underground Engineering of Ministry of Education, Tongji University, Shanghai 200092, China c Department of Geotechnical Engineering, College of Civil Engineering, Tongji University, Shanghai 200092, China d Department of Geotechnical Engineering and Geo-Sciences, Polytechnic University of Catalonia (UPC), Barcelona, Spain    
  
Abstract 
 In contrast to terrestrial environment, the harsh lunar environment conditions include lower gravity acceleration, ultra-high vacuum and high (low) temperature in the daytime (night-time). This paper focuses on the effects of those mentioned features on soil cutting tests, a simplified excavation test, to reduce the risk of lunar excavation missions. Soil behavior and blade performance were analyzed under 
different environmental conditions. The results show that: (1) the cutting resistance and the energy consumption increase linearly with the gravity. The bending moment has a bigger increasing rate in low gravity fields due to a decreasing moment arm; (2) the cutting resistance, energy consumption and bending moment increase significantly because of the raised soil strength on the lunar environment, especially in low gravity fields. Under the lunar environment, the proportions of cutting resistance, bending moment and energy consumption due to the effect of the van der Waals forces are significant. Thus, they should be taken into consideration when planning excavations on the Moon. Therefore, considering that the maximum frictional force between the excavator and the lunar surface is proportional to the grav- ity acceleration, the same excavator that works efficiently on the Earth may not be able to work properly on the Moon. 
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1. Introduction 
 The harsh lunar environment conditions include a low- gravity field, a ultra-high vacuum and high (low) tempera- tures during the daytime (night-time), which present great 
difference from those on the Earth (Heiken et al., 1991; Ouyang, 2005). In recent decades, many analytical tech- niques (Godwin and Spoor, 1977; Patel and Prajapati, 2011; Zeng et al., 2007; McKyes and  Ali,  1977; Hettiaratchi   and   Reece,   1967;   Blouin   et   al.,   2001;  
⇑ Corresponding author at: State Key Laboratory for Disaster Reduc- tion in Civil Engineering, Tongji University, Shanghai 200092, China. 
E-mail address: mingjing.jiang@tongji.edu.cn (M. Jiang). 
Kuczewski and Piotrowska, 1998; Willman and Boles, 1995; Grisso and Perumpral, 1985; Kobayashi et al., 2006) of soil-tool interaction have been developed for ana- lyzing lunar excavation on the Earth, and extensive exper- imental tests (Kobayashi et al., 2006; Boles et al., 1997; Boles and Connolly, 1996; Green et al.,  2012;  Onwualu and Watts, 1998; King et al., 2011; King and Brewer, 2012; Johnson and King, 2010; Iai and Gertsch, 2012; Agui et al., 2012) have been conducted with lunar regolith simulant. Boles et al. (1997) and Boles and Connolly (1996) investigated the gravity effects by conducting tests on an aircraft performing appropriate parabolic flight maneu- vers. Their results showed that the gravity term is not directly   related   with   the   excavation   force.   Further  
2  
 researches on gravity effects are necessary to verify the availability of those analytical techniques on the lunar environment to reduce the risk of lunar excavation mis- sions. However, in spite of the high cost, experimental tests on the Earth cannot reproduce other extraterrestrial condi- tions (i.e., ultra-high vacuum), which may alter the lunar regolith properties and therefore affect the soil-tool interaction. The ultra-high vacuum condition leads to a very thin layer of adsorbed gas on the lunar regolith surface. Accord- ing to Perko et al. (2001), considerable inter-molecular forces, including van  der Waals  forces  and  electrostatic forces, are induced when the intermolecular distance between the molecules of two contacting particles is in the order of their molecule size. It is pointed out that the electrostatic forces are negligible for lunar grains and only van der Waals forces need to be considered. Experimental data obtained by Bromwell (1966) and Nelson (1967) under ultrahigh vacuum (10-7 Pa) and high temperature (394 K) indicated an increase friction angle of 13º and an increase cohesion of 1.1 kPa testing simulated lunar soil. Increased cohesion of lunar simulant in high vacuum was also reported by Johnson et al. (1973, 1970). In such circumstances, numerical simulation seems to be a useful method in studying soil-tool interaction under extraterrestrial environments, because it can provide some information useful to assess the applicability of theoretical models and to correctly design the most suitable type of excavator for such environments. Some researchers employed the Finite Element Method to study soil-tool interaction by predefining the failure surfaces (Abo-Elnor et al., 2003; Abo-Elnor et al., 2004; Zhong et al., 2010). On the other hand, the Distinct Element Method (DEM) Cundall and Strack, 1979 is a numerical technique which plays a very important role in granular material research, especially in soil-tool interaction where large soil deforma- tions and failure appear. Although the grains and the inter- particle contact are modeled in an idealized way, this method can still provide a useful insight into the mechani- cal behavior (Mak et al., 2012; Chen et al., 2013; Coetzee and Els, 2009; Asaf et al., 2007; Obermayr et al., 2011; Coetzee and Els, 2009;  Shmulevich,  2010;  Shmulevich et al., 2007; Nakashima et al., 2011; Nakashima et al., 2008; Bui et al., 2009). However, most researches focused on the mechanism of soil-tool interaction applied to the Earth (Mak et al., 2012; Chen et al.,  2013; Coetzee and Els, 2009; Asaf et al., 2007; Obermayr  et al.,  2011; Coetzee and Els, 2009;  Shmulevich,  2010;  Shmulevich et al., 2007; Nakashima et al., 2011) and the others lacked a suitable contact model fully taking into account the fea- tures of the lunar regolith grains and considering the unique lunar environment, both of which affect the soil- tool interaction significantly. For instance, Chen et al. (2013) used three-dimensional (3D) simulation to simulate a slurry injection tool and its interaction with soil in three 
different soil fields (coarse sand, loamy sand and sandy sand). Obermayr et al. (2011) used DEM to predict the 
draft force of a simple implement in a cohesionless granu- lar material and the results were compared with those of small-scale laboratory tests using steel balls or round washed gravel. Nakashima et al. (2008) used DEM to investigate the gravity effects on rotational cutting tests of lunar regolith simulant and compared the results with those of laboratory tests on a parabolic pattern of flight of an airplane. But they used the linear contact model with constant spring stiffness. Bui et al. (2009) introduced an interlocking force to the conventional normal force to characterize the lunar soil properties in order to study the gravity effects. But they focused on the gravity effects on the ultimate bearing capacity of lunar regolith and lacked enough analysis on soil cutting test. In view of the unsatisfactory contact models employed in DEM simulations of  soil  cutting  test  so  far,  Jiang et al. developed a novel contact model of lunar regolith taking inter-particle rolling resistance and van der Waals forces into consideration (Jiang et al., 2013). The model can capture the mechanical behavior of lunar regolith (high peak friction angle and apparent cohesion) and enables highly efficient DEM simulation of lugged wheel perfor- mance (Jiang et al., 2014a, 2014b) on the lunar environ- ment. In this paper soil cutting tests were numerically simulated to capture the unique features of soil-tool inter- action under lunar conditions, including the effects of the lunar gravity field and the van der Waals forces. The mech- anism of the effects is also analyzed by observing the soil response, which is difficult to observe in experimental tests but extremely important in developing the available analyt- ical model. Some other features that may also affect the soil-tool interaction (e.g. the geometry of the blade) are not presented here. Compared with the Reference Jiang et al. (2015a), where only the gravity effects are briefly introduced in Chinese, this paper is a comprehensive and complete one. The present DEM study was performed in 2D, because a 3D contact model is still being developed by the authors and is less affordable in terms of computa- tional time and particle number for a large boundary-value problem. Although 2D simulations have limits in the real- istic representation of the soil grains and in the volumetric response, it can still provide some insight into the funda- mental mechanisms of soil-tool interaction under extrater- restrial condition. It is one of our future works to carry out 3-D DEM simulation to study the effects of the lunar envi- ronment to obtain more accurate results with latest workstations.   
2. DEM model of lunar regolith 
 Compared with the sand on the earth, the lunar regolith shows a higher friction angle and an apparent cohesion. These features are mainly caused by two reasons: the inter-particle rolling resistance due to the particle shape and the van der walls force due the high vacuum conditions (Jiang et al., 2013). Here only some brief introduction is 
3   provided. More details can be obtained in the reference (Jiang et al., 2013).  
2.1. Inter-particle rolling resistances 
 Lunar regolith grains are mainly composed of angular/ sub-angular agglutinates and breccias with rough surface and relatively smooth spherical glasses, while those used in DEM simulation are idealized as disks (2D) or spheres (3D). However, inter-particle rolling resistance plays a role between rough and irregular grains and thus it should be taken into consideration. Jiang et al. (2013) formulate the rolling resistance at the contact as shown in Eq. (1) 
The contact laws are illustrated in Fig. 1. Fig. 1a shows that the normal contact law includes two branches: the linear-elastic contact force and the van der Waals forces. In the model, both branch 1 and branch 2 plays a role when two particles are in contact and they disappear when two particles are separated. Fig. 1b and c indicates that the tan- gential and rolling strength are controlled by the overlap (un), which increases when the van der Waals forces are included. As a result, the van der Waals forces increase the macroscopic shear strength by enhancing both tangen- tial and rolling strengths. In summary, two different contact models are employed in the paper, with and without van der Waals forces, repre
 
senting the high-vacuum environment in extraterrestrial condition and non-vacuum environment in terrestrial con- dition, respectively. Then the effects of the extraterrestrial environment, including extra-high vacuum, high (low) tem- where Kn is the normal contact stiffness and un is the over- lap, h is the relative rotation angle and b is a parameter introduced here as a shape parameter to link the contact size with the average particles radius r. Jiang et al. (2013) have shown that a high friction angle can be attained in DEM simulations by introducing a rolling resistance into the contact model, which features the actual mechanical behavior of lunar regolith (Jiang et al., 2013).  
2.2. Van der Waals forces 
 Lunar environmental conditions include ultra-high vac- uum and high temperatures, which lead to the creation of a thin layer of gas molecules adsorbed on the particles sur- face. Thus the van der Waals forces need to be considered on the Moon while this is not necessary on the Earth. Jiang et al. (2013) formulate the van der Waals forces between two smooth flats with infinite depth as in Eq. (2).
peratures and lower gravity, can be investigated by employ- ing different models and gravity conditions.  
2.3. Model calibration 
 The model has been calibrated through a parametric study made with the help of DEM simulations of a biaxial compression test by Jiang et al. (2013). The model param- eters are selected in such a way that the macroscopic strength values fall into a reasonable range for real lunar regolith. Table 1 presents the parameters used in DEM simulations, while the particle size distribution is shown in Fig. 2. Here we did not choose a curve within the upper and lower bounds of real lunar regolith but, instead, used a curve with relatively uniform particle size, ranging from 1.5 mm to 2 mm in diameter. This is for computational rea- sons since the efficiency greatly reduces with the widening of the particle size distribution. Fig. 3 presents the stress- strain relationships from Jiang et al. (2013). It is shown 
 that  strong  strain-softening  behavior  can  be  observed
where A is the Hamaker constant, 4.3x10-20 J here (Perko et al., 2001), and D is the thickness of the adsorbed gas molecules. 
under both two environments (lunar environment and ter- restrial environment) and the peak strength values under the  extraterrestrial  environment  (φ = 42.6°,  c = 0.2 kPa) 
  
 
(a) Normal direction (b) Tangential direction (c) Rolling direction 
 Fig. 1.  Mechanical responses of the contact law. 
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 Table 1 Parameters for lunar soil bin in DEM simulations.   Name Symbol Value   
 Void ratio e 0.22 Dry density/kg/m3 ρ 2600 Normal  stiffness/N/m kn 7.5x107 Tangential  stiffness/N/m ks 5.0x107 Frictional coefficient u 1.0 Rolling resistance coefficient β 1.3 Thickness of adsorbed molecular layer /m D 1.5x10-8     
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simulations. The damping coefficients are selected by com- paring the results of the simulation with the experimental results of the repose angle test, a simple dynamic problem. The relationship of damping coefficients against repose angle is presented in Fig. 4. It is shown that the repose angle increases with damping coefficient. 0.4 is selected because its corresponding repose angle is 31.25°, which falls into the reasonable range from 30° to 33° according to experimental tests of TJ-1  simulant  (Jiang  et  al., 2015b; Dai, 2013) (a relatively novel soil simulant devel- oped at Tongji University in Shanghai, which has been widely used in Chinese lunar-related scientific research pro- jects (Jiang et al., 2013a, 2013b, 2013c). In addition, gravity 
effects on repose angle are investigated and the results are shown in Fig. 5. It can be observed that there is no signif- icant difference on repose angle under different gravity 
fields, which is the same conclusion of Nakashima et al. (2011). Therefore we can choose a viscous damping coeffi- cient equals to 0.4 for our simulation.   
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3. DEM model of soil-tool interaction 
 
3.1. DEM ground 
 The  DEM  model  dimensions  are  presented  in  Fig.  6. The model has a length of 0.5 m and a height of 0.15 m. Fig. 2.  Distribution of grain size used in the DEM analysis (Bui et al., 2009; Jiang et al., 2014b).   
50 
78,000 particles are compressed using the Multi-layer Under-Compaction Method proposed by Jiang et al. (2003) to ensure the homogeneity with a planar void ratio of 0.22. Then the ground is consolidated under different gravity fields (1/6 g, 1/2 g, 1 g, 2 g and 5 g) with different 
Lunar Terrestrial contact models. It is worth mentioning that the terrestrial 
40 
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environment environment environment corresponds to the contact model without van der Waals forces and the extraterrestrial environment corresponds  to  the  contact  model  with  van  der  Waals forces. The gravity density of the ground is γ = 20.29 kN/ m3   and  the  coefficient  of  earth  pressure  at  rest  (K0)  is 0.509 which is obtained by dividing the horizontal stress   
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Axial strain (%) 
30 Fig.  3.  Deviator  stress  against  axial  strain  in  lunar  and  terrestrial environments (Bui et al., 2009). 
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 are larger than those under the terrestrial environment (φ = 38.8°, c = 0 kPa). In PFC2D, both local and viscous damping are available. Considering that soil-tool interaction is a dynamic problem rather than a quasi-static problem in biaxial compression tests, the viscous damping is used for the DEM simulations in  this  paper  because  it  is  more  suitable  in  dynamic 
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 Fig. 4. Repose angles under different damping coefficients. 
D
ev
ia
to
r s
tre
ss
 (k
Pa
) 
Pe
rc
en
ta
ge
 sm
al
le
r (
%
) 
Re
po
se
 a
ng
le
 (°
) 
5   
40 
 
c =0.4, c =0.4 
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 Fig. 5. Repose angles under different gravity fields.   
  Fig. 6. The DEM model for soil cutting test.   by vertical stress as shown in Fig. 7. The distribution pat- terns of vertical stress and horizontal stress are the same under different gravity fields and the values are summarized in Table 2. It is shown that both the vertical stress and hor- izontal stress are proportional to the gravity, and different gravity fields show no significant effects on K0  while the   
 Fig. 7.  The distribution of vertical and horizontal stresses under 1 g gravity field. 
The blade is initially placed on the left side of the soil bin vertically. After an acceleration period of 0.5 s during which the cutting acceleration is a = 2v, the blade moves to the right side with a constant cutting speed. The cutting depth is 0.07 m, the attack angle is 0° and the cutting speed is 0.01 m/s. Two sets of simulations were conducted with 
different models. Each set includes five simulations under 
different gravity fields. It is worth mentioning that the par- ticle packing of all the simulations is identical before con- solidation; it differs during consolidation with different gravity fields and contact models.  
4. Soil response in DEM ground 
 The soil response in the DEM ground is studied here from both microscopic and macroscopic points of view because it can reveal the slide surface and the affected area. The slide surface plays an important role in developing the- oretical models for soil cutting tests. In laboratorial exper- iments the slide surface is difficult to be observed directly and in FEM simulations the slide surface is always prede- 
fined before the cutting process, which seems not reason- able. However, DEM simulations have an advantage in observing the evolution of microscopic phenomena to reveal the slide surface.  The total displacement field of the particles, the PDR (Particle Displacement Ratio) (Coetzee and Els, 2009)  and  the  velocity  field  (Chen et al., 2013; Obermayr et al., 2011; Shmulevich et al., 2007) have been employed to try to represent the slide sur- face. The PDR is a ratio defined by the magnitude of the absolute displacement vector of the particles divided by the magnitude of the blade displacement. Since the velocity of the blade is constant, the PDR is identical to the dis- placement field at the same cutting blade displacement, so it has not been included here. In addition, the void ratio has also been employed in this paper for revealing the fail- ure surface.  
4.1. Soil heap structure 
 As the blade moves, the soil accumulates in front of the blade, which results in a surcharge which leads to an increase of the cutting resistance. Fig. 8 presents the soil heap structures on terrestrial conditions under 1 g gravity 
field. Fig. 8a shows the simulation results and Fig. 8b pre- sents the experimental results of Coetzee and Els (Coetzee and Els, 2009). It is shown that the soil heap accumulates higher and bigger in front of the blade as its slope becomes steeper, till it is nearly parallel to the repose angle line, in both simulation results and experimental results. Most analytical models (Zeng et al., 2007; Kobayashi et al., 2006) assume that this surcharge is equivalent to a uniform 
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6   Table 2 Initial stress condition of the ground under different gravity.   Environment Terrestrial  environment Extraterrestrial  environment                
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(a) Simulation results (b) Experimental results [32] Fig. 8. Soil heap structure in simulation results and experimental results.  load or triangle load distribution. According to our research a trapezium load distribution is recommended in developing analytical models. Fig. 9 presents the soil heaps under different gravity field on both high-vacuum and non-vacuum environments. It is shown that the soil heap evolves more precipitously in lower gravity fields. The van der Waals forces can also make the soil heap slope steeper when the gravity is low while the effects are reduced when the gravity field is high. In addition, the soil heap can be simplified as a trapezium distribution when developing analytical models as shown in Fig. 9, with the inclined boundary parallel to the repose angle line.    
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4.2. Total particle displacement field 
 Fig. 10 provides the particle displacement fields corre- sponding to 1/6 g, 1 g, and 5 g gravity fields in both high- vacuum and non-vacuum conditions. The particles are col- ored differently according to its displacement. It can be observed that when the gravity field decreases, the affected area becomes larger in both high-vacuum and non-vacuum conditions. Comparing the displacement fields on high- vacuum and non-vacuum conditions under the same grav- ity field to analyze the effects of van der Waals forces, it is obvious that the affected areas are larger on the non- vacuum condition.  
4.3. Void ratio 
 In Fig. 11, maps of the distribution of void ratios in the ground are shown. It can be observed that there exists a visible affected area in front of the blade, where the void ratio is bigger than in the area far from the blade. This is because the soil in our simulation is dense and soil dila- tancy appears within the affected area. Fig. 11 reveals that, the affected areas are larger on terrestrial conditions and lower gravity fields, which is consistent with the conclusion we have drawn in the analyses of the displacement field. A bold line which presents a void ratio equal to 0.21 has been drawn for comparative purposes.  
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4.4. Velocity field 
 A more realistic way to determine the failure surface is Fig. 9. Soil heap structure in terrestrial and extraterrestrial environments. to observe the velocity field of the soil particles. The sliding 
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  Fig. 10. Total particle displacement field under different conditions.   
 
(b) Extraterrestrial condition Fig. 11. The distribution of void ratio under different conditions.  surface would be located where the velocity gradient is higher. Normalized by the blade velocity in each case, all velocities of the particles are divided into five groups of magnitudes and rendered with different colors as shown in Fig. 12. The velocity vectors described by different colors represent the sliding line of the particles, which can reflect the failure mechanism. It can be observed that, the particle velocity decreases rapidly from 0.01 m/s to 0.02 m/s within a narrow shear band. Assuming that the particle is affected when its velocity is bigger than 0.02 m/s, the affected num- ber of particles (No.) and their average velocity (Vel.) are summarized in Fig. 12. It can be observed that as the grav- ity field increases, the affected area and thus the number of particles becomes smaller, but the average velocity is larger. In addition, the affected area is smaller and the aver- age velocity is larger under a high-vacuum environment. As mentioned above, the harsh lunar environment con- ditions present significant effects on the affected area dur- 
ing the cutting test. The lower gravity field makes the 
affected area larger while the van der Waals forces make the affected area smaller. The effects of van der Waals forces can be taken into consideration by enhancing the soil strength, but the effects of gravity are not included in analytical techniques: the affected area and the slide surface are assumed to be the same under different gravity 
fields.  
5. Blade performance 
 This section focuses on the effects of gravity and van der Waals forces on the performance of the blade, including the cutting resistance, the bending moment and the energy consumption. Because the cutting resistance is related to the capability of the excavator, the energy consumption is related to the weight of lunar regolith that is to be exca- vated and the bending moment is related with the design 
(a) Terrestrial condition 
(a)  Terrestrial condition 
(b)  Extraterrestrial condition 
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(a) Terrestrial environment (b) Extraterrestrial environment Fig. 12. Velocity field under different conditions (Blade velocity = 0.01 m/s).   of the bucket, all these three aspects are very important in an eventual lunar exploring plan. In the cutting process, the cutting resistance and the bending moment are recorded during the cutting process, while the energy consumption is calculated here with Eq. (3). 
where F is the cutting resistance and Δs is the displacement increment.  
5.1. Cutting resistance 
 In lunar excavation, the cutting resistance needs to be balanced by the frictional force between the excavator and the lunar surface, which is proportional to the weight of the excavator. In early lunar exploration, the excavators need to be sent to the Moon from the Earth, so the lighter the excavators, the more economic would be the lunar excavation mission. Also, a smaller cutting resistance means that lighter excavators are needed. Therefore, it is necessary to study the effects of gravity on cutting resistance. Fig. 13 presents the evolutions of cutting resistances under different gravity  fields on high-vacuum and non- vacuum environments. The evolution has been smoothed by moving average to show the evolution trend, consider- ing  that  the  raw  data  has  large  fluctuations.  It  can  be 
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 Fig. 13. Evolution of cutting resistance under different conditions.   observed that the cutting resistance increases from 0 to a peak value rapidly at the beginning of the test. After the peak value, the cutting resistance decreases to a lower value due to soil dilatancy. Then, the cutting resistance increases gradually as the blade moves on. All the curves exhibit the same evolution trend. Nevertheless, the initial peak value mainly depends on the soil properties while that gradual increase of the cutting resistance mainly depends on the weight of the accumu- lated soil. In fact, when the gravity is large (5 g), the weight of the accumulated soil plays a more important role than 
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 the soil properties and the initial peak value of the cutting resistance is smaller than the one achieve later on due to the accumulation of the soil heap. However, when the gravity is small (1/6 g), the effect of the soil properties becomes more important than the effect of the accumulated soil, and as a consequence the initial peak value of the cutting resistance is much bigger than the one achieve later on. Considering that the gravity field on the lunar surface is about 1/6 of that of the Earth, here we focus on studying the initial peak value of the cutting resistance, since in that case it would be the highest value achieved. Fig. 14 provides the relationship between the initial peak 
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0 value and the gravity field on both high-vacuum and non- vacuum environments. For analytical purposes, we have selected the empirical equation for the cutting resistance (P) proposed in Obermayr et al. (2011), shown in Eq. (4). 
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 Fig. 15.  Additional cutting resistance due to van der Waals forces under 
different gravity fields.  where ρb is soil density, c is cohesion, ca  is adhesion, z is cutting depth, w is blade width, v is cutting speed, q is sur- charge load, Kp, Kc, Kca, Ka, Kq are coefficients for earth pressure, cohesion, adhesion, velocity and surcharge load. According to the Eq. (4), if  the  cohesion  c = 0 kPa  and the blade is smooth (ca = 0) under terrestrial conditions, the cutting resistance is in direct ratio with the gravity field. When the gravity is nearly 0 g, the cutting resistance is 0 N. However, as shown in Fig. 15, although the resistance forces can be fitted by a linear equation, we can observe that the cutting resistance isn’t 0 N when the gravity filed is 0 g. This is because when the gravity decreases, the initial stress state also decreases, which leads to the decreasing of the cutting resistance, but the lower gravity also makes the 
affected area larger, as mentioned earlier regarding the soil response, which increases the cutting resistance. Under the terrestrial  conditions  where  the  apparent  cohesion  is 0.86 kPa,  the  presence of  the  apparent cohesion is  also the reason why the cutting resistance isn’t 0 N when the gravity field is 0 g. In contrast, the experimental results 
(Boles et al., 1997; Boles and Connolly, 1996) exhibit a sim- ilar evolution trend, but the increasing rate is different, because of the different tool type, three-dimensional effects. It is quite difficult to mimic the lunar environment on the Earth to conduct more experimental validation of our model. According to Jiang et al. (2013), the van der Waals forces can enhance the macroscopic shear strength. Thus, the cutting resistance increases significantly when the van der Waals forces are considered on extraterrestrial condi- tions. Fig. 15 shows the cutting resistance due to the effect of the van der Waals forces under different gravity fields. It is shown that this resistance increases with the gravity field. This is because that the coordination number increase with the gravity field as shown in Fig. 16, which shows the coor- dination number at the end of the test. Also we can see that the coordination number on the non-vacuum condition are larger than the on the high-vacuum condition. This is because the soil shows more significant shear dilatancy. However, the proportion of this additional resistance in the total cutting resistance decreases rapidly when the grav- ity field increases. When the gravity is 5 g, this proportion  
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 Fig. 16. Average coordination number under different conditions. 
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 is 6.8% which may be ignored while when the gravity is 1/6 g it is 21.4% which should not be ignored. So in lunar excavation, the effects of van der Waals force should not be ignored. 
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5.2. Moment 
 During the excavation process, the joint of the cutting blade endures both the effects  of the cutting resistance and the bending moment, so it should be well designed to mitigate its damage. The evolution of the bending moment is shown in Fig. 17. It can be observed that the bending moment firstly increases from 0 to a peak value rapidly, at the beginning of the test. After the peak, the bending moment  decrease  to  a  lower  value.  Then  the  bending 
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Gravity (g) moment increase again as the blade moves on. The bending moment presents a similar developing trend as with the cut- ting resistance and for the same reasons that in the analysis of the cutting resistance. The moment arm, which shows the location of the cen- troid of the exerted forces on the blade, can provide some perspective on this behavior. The moment arm here is cal- culated by dividing the bending moment with the cutting resistance. Fig. 18 presents the relationship between the moment  arm  and  the  gravity  field  under  both  high- vacuum  and  non-vacuum  environments.  The  moment arm under a high-vacuum environment is a little larger than that under a non-vacuum environment, but the differ- ence is not significant, so it can be ignored. However, the 
effects of the gravity field on the moment arm cannot be ignored  when  the  gravity  field  is  small,  as  shown  in  Fig. 17. In fact, the difference between 1/6 g and 2 g gravity 
fields is around 0.007 m which is 10% of the cutting depth. Fig. 19 provides the relationship between the initial peak value of the bending moment and the gravity field on both high-vacuum   and   non-vacuum   environments.   Fig.   19 shows that the bending moment increasing rate is a bit 
Fig. 18.  Evolution of the moment arm under different conditions.   
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 Fig. 19. Relationship between initial peak moment and gravity acceler- ation under different conditions. 
higher when the gravity field is low. This is consistent with 40 40 the moment arm increasing rate shown in Fig. 18 for low 
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 Fig. 17. Evolution of the bending moment under different conditions. 
 Fig. 20.  Additional bending moment due to van der Waals forces under 
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 the  moment  arm,  increase  with  increasing  gravity  field. 90 However,     the     proportion     of     additional     bending     moment     due to   van   der   Waals   forces   decreases   rapidly   with   increas-     ing gravity field. When the gravity is 1/6 g, the gravity on Terrestrial environment Extraterrestrial environment lunar surface, this additional bending moment is 28% of the total bending moment. Therefore, we can say that the van der Waals forces should not be ignored in lunar excavation.  
5.3. Energy consumption 
 In early lunar exploration, most of the necessary energy can be provided by the Sun. But in order to produce solar energy, we need solar panels and other equipment that have to be brought from the Earth, which is very expensive mainly due to launch costs. Therefore, in lunar excavation it is important to be energy efficient and, hence, reduce the energy consumption during the excavation as much as possible. Fig. 21 presents the evolution of the energy consump- tion in the cutting process under different gravity fields and on both high-vacuum and non-vacuum conditions. It can be observed that the energy consumption evolves sim- ilarly in two environments, so it seems that the van der Waals forces do not play a significant role in energy con- sumption. However, the gravity has a great influence in the energy consumption, given the higher cutting resistance implied. Fig. 22 provides the relationship between the energy consumption and the gravity field on both high-vacuum and non-vacuum environments when the cutting displace- ment is 0.0825 m. The energy consumption can be nearly 
fitted by a linear line under both conditions. Nevertheless, it can be observed that the energy consumption corre- sponding to extraterrestrial conditions is a bit higher, as shown in both Figs. 21 and 22. Fig. 23 presents the energy consumption due to van der Waals forces under different gravity fields. It is shown that the additional resistance decreases with the gravity field   
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 Fig. 22. Relationship between energy consumption and gravity acceleration.   
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 Fig. 23.  Additional energy consumption due to van der Waals forces.    because of the decreased initial stress. However, the pro- portion of energy consumption due to van der Waals force increases rapidly when the gravity field decreases. In fact, when the gravity is 5 g, the proportion is 2.6% which can be ignored , while it is 16.8% which should not be ignored when the gravity is 1/6 g. So in lunar excavation, the van der Waals forces should not be ignored. 
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6. Concluding remarks 
 In this paper, Our work are carried out in the following three aspects: (1) a microscopic contact model that can cap- ture the mechanical behavior of lunar regolith is employed; (2) the model has been verified to obtain the mechanical properties of the real lunar regolith in a quasi-static prob- lem; (3) the viscous damping is used in our paper to analyze the soil cutting test, which is a dynamic problem, and the 
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 Fig. 21. Evolution of energy consumption under different conditions. 
value of the viscous damping was determined by matching the DEM repose angle with the experimental value in slump test. Hence, our simulation in this paper has been validated  indirectly  and  can  provide  meaningful  results 
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12   about the effects of the gravity field and the van der Waals force due to the unique environment existing on the Moon. The major conclusions are as follows:  1. The gravity field shows significant effects on soil cutting tests. When gravity decreases, the initial stress decreases proportionally, and the affected area and the major slide surface becomes larger. As a result, the cutting resis- tance and the energy consumption decrease linearly. In addition, the soil heap structure becomes more precipi- tous and the moment arm becomes shorter in low grav- ity fields, which leads to a fast increasing rate of bending moment in low gravity fields. 2. The affected area and slide surface becomes smaller if we take the van der Waals forces into consideration, but the cutting resistance, the energy consumption and the bending moment increase significantly because of the raised soil strength. Especially in low gravity fields, the additional cutting resistance, moment and energy con- sumption takes a large percentage of their total values. 3. In lunar excavation, the maximum frictional force pro- vided by the excavator deceases proportionally  with the gravity field, while the cutting resistances decrease slowly because of the larger affected area and the van der Waals forces. Therefore, the same excavator that  works efficiently on the Earth may not work properly on the Moon.  Because of the unique lunar environment, the excavator should be well designed and work in a higher efficacy to accomplish a excavation mission on the Moon. More researches on the effects of lunar environment are necessary.  
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